The influence of an applied electric field on a periodic structure composed of alternating layers of isotropic DPS (double positive index of refraction) and anisotropic DNG (double negative index of refraction) has been studied and shown that in the presence of an external electric field, one can convert the polarization state of the incident electromagnetic wave into a desired polarization state, change the phase and amplitude, and induce birefringence. Here, theoretical and numerical results of investigation of phase and amplitude modulator in the presence of an applied electric field are presented.
Introduction
In 1968, Veselago [1] postulated and studied theoretically the plane wave propagation in a medium called left handed material (LHM) or double index of refraction (DNG) material. These class materials play important role in science and technology for their broad usage in industry. The DNG materials are artificial structures with unusual electromagnetic properties compared with the conventional materials.
For these materials, the electromagnetic wave propagates antiparallel to the Poynting vector and the angle of refraction is negative, which means electromagnetic waves at the interface of positive refractive index (n) and negative refractive index materials would refract on the opposite side of the normal to the interface compared to ordinary materials. When these materials are integrated in a periodic structure, they would act as photonic band-gap (PBG) materials, and in the result the structure is able to manipulate the electromagnetic wave propagation. For these structures, there is/are a range of frequencies at which the light propagation is strictly forbidden [2] [3] [4] [5] [6] [7] [8] . One can change the distribution of charges and reshape the lattice of the material by applying an electric field. The electromagnetic wave impinged on the material in the presence of an electric field will experience different refractive indices (index ellipsoid) and travel with different speeds [9] and change the polarization. In this paper, theoretically and numerically the changes of the polarization state of the incident beam using the DPS-DNG structure as an of amplitude and phase modulator, in the presence of an applied electric field, are studied.
Theory and Results
As shown in [9] and here, also, to find the refractive indices of DPS-DNG heterostructure, the index ellipsoid is used. The impermeability tensor, which depends on the distribution of the charges [9] [10] [11] [12] , can be defined as η i j = ε 0 μ 0 /(εμ) i j with i, j = 1, 2, 3 where ε 0 and μ 0 are electric permittivity and magnetic permeability of the vacuum and ε i j and μ i j are electric permittivity and magnetic permeability of the DNG-DPS layers. Applying an electric field would redistribute the charges in the structure and would change the impermittivity tensor as discussed in [9] in the form of η i j (E)−η i j (E = 0) = k r i jk E k , where r i jk is the electro-optical tensor. Writing the wave equation ∇ × (∇ × E) + εμ(∂ 2 /∂t 2 )E = 0 and using the relation of the electric field and the displacement field vector D and taking the electric field in +z direction as shown in Figure 1 , the equation of motion equivalent to the wave equation in an anisotropic medium in the presence of an electric field can be written as where z is the direction of propagation, c is the speed of light, D is the displacement field vector in the form:
(2) e i are the polarization vectors of the normal modes, A i are the normal mode amplitudes, k i = ωn i /c, and N is the refractive index and a 2 × 2 matrix shown in [9] :
Here, Δη ij is perturbation due to the electric field. Substituting the electric displacement vector from (2) in the equation of motion (1) yields:
One can write
where i, j = 1, 2 correspond to the layers of the structure. Equation (4) 
where ω = 2π f and f is the frequency in THz.
If light propagates in the z direction, the equation of the index ellipsoid for this layered structure can be written as
where for r i jk , the electro-optic coefficient, the abbreviated notation has been used, n x = n y = n o − n 3 o r 13 E z /2 and n z = n e − n 3 e r 33 E z /2, n o is ordinary index of refraction, and n e is the extraordinary index of refraction [2] . The birefringence will be
Using an applied voltage, V = Ed, where d is the thickness of the unit cell. The retardation can be defined as
2.1. Amplitude Modulation. Applying electric field will induce birefringence. If the incidence beam at input lets say has TE polarization at output, the polarization could change to TM polarization and in the result, the energy flow can be controlled. This happens if in (5) , Δη i j / = 0 for i / = j or Δη i j = 0 for i = j. Due to the applied electric fields, the modes are coupled and there is pure amplitude modulation. Taking the applied electric field as a traveling field E = E m sin(ω m t−k m z) and n 1 n 2 = n, and using the boundary conditions at the input A 1 (0, t) = A 0 and A 2 (0, t) = 0, the solutions to (4) at the output z = d can be written as
where the modulation index is; δ = κd sin θ/θ, κ = (ωn 3 o /2c) r 13γ E γ and θ = ω/2c(n o −n m )d, the out put phase is, ϕ = (ω m /2c)(n + n m )d, n o is the ordinary index of refraction and d is the thickness of DPS-DNG layers, d = d 1 + d 2 , d 1 is the thickness of the DPS, which is about 135 nm, and d 2 is the thickness of the DNG layer and is about 150 nm.
The half-wave voltage is the voltage that the polarization of the incidence wave changes from TE to TM or vice versa. This is the voltage that retardation becomes Γ = π: If the modulation is biased by retardation of π/2, which can be achieved by applying the proper electric filed, or by placing a quarter wave plate before the modulator, the modulation voltage (V m ) will cause the transmitted wave to remain in the same shape (amplitude, phase) as the incidence wave, and the retardation will be Γ = Γ m sin ω m t + π/2 where Γ m is modulator retardation and Γ m = π(V m /V π ). If Γ m 1, the output wave is a duplication of the input wave; I 0 ≈ I i Γ m sin ω m t and if Γ m 1, the output wave is distorted and higher order of harmonics will appear.
Using Jones Calculus, the transmission can be written as
In Figure 2 , the transmission versus applied electric field is shown. The maximum transmission is when V = V π . In this figure, where the variation of transmission with applied voltage is linear, the modulator is biased which causes a 50% transmission [12, 14, 15 ].
Phase Modulation.
In (5), if Δη i j = 0 for i / = j, the modes become uncoupled. In this case, polarization of the traveling waves would not change, but the output phase will change and the solutions to the equation of motion become
This is the phase modulation case. In this case, the applied electric field does not change the state of polarization (TE or TM), but changes the phase of the output waves by the modulation index δ. In Figure 3 , the modulation index versus the length of the layerd structure, d = 2πc/ω(n − n m ), is shown. The maximum modulation appears when (ω/2c)(n o − n m )d = π/2 and the modulation index becomes δ max = (ω/ω m ) (n 3 /(n o − n m )) r 13γ E mγ , where E mγ is γ component of modulation electric field.
In [2, 13] , the unusual photonic gaps, called non-Bragg gaps, have been studied and emphasized for TE-and TMpolarized incidence waves, in [9] the non-Bragg band gaps for TE polarized incidence waves have been emphasized on and shown in the presence of an electric field. The pass/forbidden bands can be manipulated. In Figure 4 , the transmittances band (pass band) for electromagnetic waves on isotropic DPS and nonisotropic DNG layers are shown. The blue line represents the transmittance in the presence of up to 10 6 V/cm applied electric field and the red line shows the transmittance in the prsence of a 10 8 V/cm electric field; but with using the result developed in this manuscript, one can generalize the reflectance/transmittance of electromagnetic waves on this periodic structure for both TE and TM polarizations without worrying about the polarization.
Conclusion
Applying an electric field which varies sinusoidally in time will cause the propagating wave to follow the electric field, this will not only widen the forbidden/pass bands but also will cause phase or amplitude modulation and change the polarization state of the wave and/or phase of the out going waves. With using the result of this manuscript, the polarization of the incidence wave is not of big concern, since one can change the polarization, from TE to TM or vice versa, with applying electric field. Experimentally, a tunable laser could be used as a variable frequency source at normal incidence to illuminate the DPS-DNG layered structure.
